All relevant data are within the paper. Data regarding the microbiome have been uploaded to Genbank database: <http://www.ncbi.nlm.nih.gov/sra/SRP066524>.

Introduction {#sec001}
============

Antibodies are major effector molecules of the vertebrate adaptive immune system. In mammals, circulating antibody isotypes are predominantly immunoglobulin (Ig) G, and to a lesser extent IgA and IgM \[[@pone.0147373.ref001]\]. Maternal IgG is provided to the offspring ensuring an adequate level of circulating antibodies in the neonate by different routes depending on the species. Thus, among mammals, primate neonates are born with circulating IgG obtained via the placenta in the foetal stage, whereas ruminants and piglets acquire IgG through colostrum perinatally through an intestinal transport mechanism specifically working in the first 24 hours after birth allowing entry of ingested maternal IgG from the gut to the circulation \[[@pone.0147373.ref002]\]. In addition, mother's milk provides all mammals in the suckling stage with oro-gastric protection (lactogenic immunity) against pathogens until the offspring matures and becomes able to produce antibodies both at mucosal surfaces and in the circulation \[[@pone.0147373.ref002]--[@pone.0147373.ref005]\]. In intensive pig production, piglets are weaned early when still immunologically incompetent (3--4 weeks of age), and they are therefore susceptible to intestinal (mucosal) infections including enterotoxigenic *Escherichia coli* (ETEC) \[[@pone.0147373.ref006]\] and depend on maternal antibodies for protection against such infections. ETEC infections are major contributing factors to the multifactorial disease post weaning diarrhoea (PWD) demanding excessive antimicrobial use in husbandry \[[@pone.0147373.ref007], [@pone.0147373.ref008]\] resulting in increasing incidence of antimicrobial-resistant bacteria posing a great threat to human health \[[@pone.0147373.ref008]--[@pone.0147373.ref010]\]. Vaccines may provide protection against specific pathogens, however as diseases such as PWD often has a multifactorial aetiology \[[@pone.0147373.ref011]\], generating vaccines against such diseases is a complicated matter. Furthermore, efficient mucosal immunity is not easily induced \[[@pone.0147373.ref012]\]. With the exception of one commercially available, orally delivered *E*. *coli* F4-specific vaccine against PWD used in Canada for a number of years \[[@pone.0147373.ref013]\] and recently approved by the European Medicines Agency in Europe \[[@pone.0147373.ref014]\], no vaccines are available for use against PWD.

In contrast, spray-dried porcine plasma (SDPP) is widely used in intensive swine production as a feed additive resulting in increased average daily growth (ADG) and a reduced feed/growth ratio (FGR) of weaners, especially in conventional (as opposed to SPF) herds (reviewed in \[[@pone.0147373.ref015]\]). In challenge experiments weaners fed SDPP and challenged with relevant pathogens showed a significant increase in ADG as well as a significant reduction in FGR one week after weaning in comparison to a challenged control group not receiving SDPP \[[@pone.0147373.ref015]\]. The active part of SDPP responsible for this effect has been proposed to be natural IgG antibodies \[[@pone.0147373.ref016]\], which are present in high concentrations in SDPP and are presumed to be responsible for the observed reduction in incidence of ETEC infections by SDPP in experimental weaner piglet models for PWD \[[@pone.0147373.ref017], [@pone.0147373.ref018]\].

Hence, with the known protective role of maternal antibodies and the evidence pointing to IgG being the active part of SDPP we hypothesise that weaner piglets would benefit from receiving a supplement of purified natural pig antibodies in their diet. These natural antibodies could consequently provide an alternative to antibiotics.

In order to become a viable alternative to antibiotics in the intensive pig production a product based on natural antibodies should be affordable to the users and, therefore the method used to purify the immunoglobulins should be efficient, very economical and able to handle very large volumes of starting material (blood plasma). These are all characteristics of the chromatographic expanded bed adsorption (EBA) procedure which has previously been demonstrated for the efficient purification of immunoglobulins directly from blood plasma \[[@pone.0147373.ref019]\]. In this study we investigate the potential of natural antibodies purified by EBA chromatography from normal finisher swine blood plasma for binding to pig relevant intestinal pathogens as well as for their inhibition of adhesion to a porcine intestinal cell line *in vitro* and for their inhibition of intestinal colonization in a pig *in vivo* model of *E*. *coli* colonization.

Materials and Methods {#sec002}
=====================

Purification of pig immunoglobulins {#sec003}
-----------------------------------

Pig immunoglobulin G was purified from approximately 110 litres concentrate of porcine blood plasma obtained from Daka SARVAL A/S (Lunderskov, Denmark) at UpFront Chromatography A/S (Copenhagen) by high-volume Expanded Bed Absorption (EBA) affinity chromatography with a proprietary absorbent \[[@pone.0147373.ref019]\]. Before applied in the *in vivo* study (see below), the purified pig IgG (ppIgG) was diluted to 200 mg/ml in PBS.

Electrophoresis and Western blotting {#sec004}
------------------------------------

Samples for SDS PAGE were mixed with 4X LDS Sample buffer and 10X reducing agent (Life Technologies, Taastrup, Denmark). For SDS PAGE Novex Bis-Tris 12%, 1 mm polyacrylamide gels were used in the NuPAGE buffer system according to the manufacturer's instructions (Life Technologies), loading 20 μl sample in each well. After electrophoresis, gels were stained with Bio-Safe^™^ Coomassie G-250 stain (Bio-Rad, Copenhagen, Denmark).

For immunoblotting, separated proteins were electroblotted from SDS PAGE gels onto nitrocellulose membranes (Millipore, Copenhagen, Denmark) in a Mini Trans-Blot transfer cell including a cooling unit (Bio-Rad) with 12.5 mM Tris, 96 mM Glycine (both from Sigma-Aldrich, Copenhagen, Denmark), 20% Ethanol (VWR---Bie & Berntsen A/S, Herlev, Denmark) pH 8.4 for 1 hour at 150 mA constant current. All subsequent operations were performed at room temperature with shaking. Next, the membranes were blocked in 50 mM Tris, 250 mM NaCl (TBS) with 2% Tween 20 at pH 8.6 for 5 minutes; followed by 3x10 min washes in TBS-T (TBS with 0.1% Tween 20 (Merck, Hellerup, Denmark)). Then, membranes were incubated with polyclonal biotinylated rabbit anti-Pig F(ab)~2~ IgG (LSBio, Copenhagen, Denmark) diluted 1:10.000 in TBS-T for 1 hour followed by 3x10 min washes in TBS-T before the last incubation with alkaline phosphatase-conjugated streptavidin (DAKO, Glostrup, Denmark) 1:3000 in TBS-T (1 hour). After 3x50 ml washes in TBS-T, blots were developed with 4-nitro-blue-tetrazolium/5-bromo-4-chlor o-3-indolyl-phosphate (NBT/BCIP) tablets (Roche, Hvidovre, Denmark) following the manufacturer's instructions, terminating colour development by washing the blot with several changes of MilliQ water.

Bacterial isolates {#sec005}
------------------

Three *Escherichia coli* strains (O138, O149:F4 and F18) were isolated from faeces of piglets suffering from PWD and *Yersinia ruckeri* was isolated from Enteric Redmouth Disease affected *Oncorhynchus mykiss*. *Salmonella enterica diarizonae* was kindly provided by Gitte Sørensen at DTU Food.

All bacteria were fixed in 0.5% formaldehyde/PBS. Furthermore, *E*. *coli* serotype O138 and *S*. *diarizonae* extracts for ELISA were prepared by treatment with sodium deoxycholate (DOC), as described in \[[@pone.0147373.ref020]\]; the 0.1% DOC fractions of *E*. *coli* O138 and *S*. *diarizonae* were used in the ELISAs. Bacterial concentrations were determined by CIBA-Corning 254 colorimeter at an optical density of 546 nm.

Enzyme linked immunosorbent assays (ELISAs) {#sec006}
-------------------------------------------

Generally, for all ELISAs washing steps consisted of four times washes in PBS with 0.05% Tween 20 (PBS-T). PBS-T with 1% bovine serum albumin (Sigma-Aldrich) was used as both blocking and dilution buffer. Coating was done with 100 μl/well at 4°C overnight. Blocking was done with 200 μl blocking buffer shaking for 30 min. at room temperature. Plates were 96 wells flat bottom Maxisorp plates (NUNC, Thermo Scientific, Denmark) and all operations were performed at room temperature unless specified otherwise. Development of plates was done by TMB Plus substrate (Kem-En-Tec, Taastrup, Denmark), 100 μl/well, and stopping colour development by 100 μl 0.5 M H~2~SO~4~ (VWR---Bie & Berntsen A/S). Optical densities of microtiter plates were measured by Thermo Scientific Multiscan EX microplate reader at 450 nm absorbance and the background absorbance at 650 nm was subtracted.

Competitive ELISA for determination of binding of antibodies to specific antigens: wells were coated with DOC antigen extracts in 0.1 M sodium carbonate buffer pH 9.6 at 3.3 μg/ml (*E*. *coli* extract) or 4.8 μg/ml (*Salmonella diarizonae*). After blocking, swine immunoglobulins and horse radish peroxidase (HRP)-conjugated antibodies, either goat polyclonal anti-*E*. *coli* (18-511-245057) or rabbit polyclonal anti-*salmonella* (18-511-245055) (both Genway Biotech. Inc., Hölzel Diagnostika, Cologne, Germany) were diluted in deionised water with 2.5% casein Hammerstein (VWR---Bie & Berntsen A/S) pH 7 (2.5 μg/ml (anti-*salmonella*; 18-511-245055), 5 μg/ml (anti-*E*. *coli*; 18-511-245057)) and incubated for 1 hr. The plates were then washed, developed and read as described above. Each plate held several controls with no swine immunoglobulins added in order to define the uninhibited OD in the remaining sample. From this the % inhibition in a sample was defined as $100 - \frac{ODsample}{ODcontrol}*100$.

Whole-cell ELISA for demonstration of antibody binding to bacterial surfaces: wells were coated with fixed bacteria in 0.1 M sodium carbonate buffer pH 9.6 (final OD~546~ = 0.25). After blocking, swine plasma IgG was added in 2-fold dilution series from 10 to 0.02 mg/ml. After 1 hour of incubation and 3 washes in PBS-T, detection antibody (HRP-conjugated rabbit anti- porcine Ig (DAKO, Glostrup, Denmark) diluted 1/7000 or HRP-conjugated goat anti-pig IgG (GGHL-5P; ICL, SMS Gruppen; Rungsted, Denmark) diluted 1/2000) was added and incubated for 1 hour. After washing, plates were developed and measured as described above.

Indirect ELISA for determination of relative avidity of IgG: After coating the wells with *E*. *coli O138* DOC extract in 2-fold serial dilutions starting at 66.6 μg/ml, plates were blocked and subsequently washed, followed by incubation with 6 mg/ml ppIgG (in 2.5% casein pH 7) for 1 hour. Following the wash steps, 100 μl of PBS-T with 0, 2, 4 or 6 M urea was added to designated wells, and after 30 minutes of incubation and shaking wells were washed again, followed by incubation with HRP-conjugated rabbit anti-porcine Ig diluted 1/7000 for 1 hour. The ELISAs were developed and read as described above.

*In vitro* inhibition of *E*. *coli* adhesion {#sec007}
---------------------------------------------

One day before the assay was carried out, 100 μl (15,000 cells) neonatal porcine jejunum derived IPEC-J2 cells (ACC-701; DSMZ, Braunschweig, Germany) were seeded in each well of a 96-well plate (NUNC) and were allowed to attach for 16 hrs. On the same plate, control wells received 100 μl of the cell culture medium (Advanced DMEM/F12 supplemented with 5% heat-inactivated foetal bovine serum, 2 mM GlutaMAX, 100 units/ml penicillin, 100 μg/ml streptomycin, and 2 μg/ml Fungizone; all purchased at Life Technologies) without IPEC-J2 cells.

*E*. *coli* and *S*. *diarizonae* colonies were retrieved from blood plates and used for inoculating brain-heart broth (agar and media purchased at BD Biosciences, Albertslund, Denmark) cultures incubated overnight with shaking at 37°C. For staining bacteria with Syto24 (Life Technologies), the culture medium was changed to deionised water diluting the cells to OD~546~ 0.16 and Syto24 was added to a final concentration of 6.5 μM. After 30 min., bacteria were centrifuged at 4500 rpm for 5 min. at 4°C (SL40R, Thermo Scientific, Holm & Halby, Brøndby, Denmark) and thereafter washed twice in 4°C deionised water and then twice in 4°C adhesion buffer (12.5 mM HEPES, 141 mM NaCl, 0.5 mM MgCl~2~, 0.15 mM CaCl~2~, 0.1% gelatine (all purchased at Sigma-Aldrich); pH 7.4).

Syto24-stained bacteria were pre-incubated with various amounts of ppIgG (from 100 mg/ml to 0.2 mg/ml, plus controls with no ppIgG) in a total volume of 50 μl for 30 min at 4°C. While the bacteria and immunoglobulins were incubating, the IPEC-J2 cells were placed for 30 min at 4°C; just before addition of pre-incubated bacteria, the IPEC-J2 cell culture medium was substituted with 50 μl 4°C adhesion buffer. Next, 50 μl bacteria in different swine immunoglobulin concentrations were added in parallel series to wells with or without IPEC-J2 cells; the latter wells served as non-adhesion controls. The plates were incubated for 180 min at 4°C. After adhesion, plates were washed three times in 100 μl adhesion buffer, and 100 μl adhesion buffer was added before reading fluorescence at 485/528 nm by means of Synergy HT (BioTek, Holm & Halby, Brøndby, Denmark) using Gen5 software (BioTek).

*In vivo* study {#sec008}
---------------

The offspring of 11 sows were randomly mixed after farrowing, thus avoiding confounding treatment effect with the genetic background. At 3 weeks of age, piglets were additionally allowed access to a custom made feed consisting of 50% cracked wheat and 50% ground oat (NAG, Helsinge, Denmark). The oat was grounded in an Electrolux EFP5100 food processor (Kvickly, Denmark) to ensure even particle size between the main components of the diets. The diets were custom made to avoid enzyme mixtures (such as phytase), as well as antibacterials and heavy metals.

At 28 days of age twenty-four piglets were randomly selected and weaned, and transported to the housing facility and distributed according to their experimental group A, B or C ([Table 1](#pone.0147373.t001){ref-type="table"}). Each pen of 8 piglets was provided with 2.5 kg of oat/wheat-feed each morning during the experiment, and group C was provided with oat/wheat-feed mixed with 160 ml (32 grams) of the IgG product. Water was provided ad libitum from water nibble, and animals were kept in 12/12 hour light/dark conditions with temperature controlled to 15°C and access to a heating lamp.

10.1371/journal.pone.0147373.t001

###### Experimental setup of the animal study.

![](pone.0147373.t001){#pone.0147373.t001g}

  Group   IgG   Infection   Avg. initial weight (kg)   Avg. final weight (kg)
  ------- ----- ----------- -------------------------- ------------------------
  **A**   \-    \-          8.2                        7.7
  **B**   \-    \+          6.8                        6.7
  **C**   \+    \+          8.3                        8.3

On the day of weaning (day 1), groups B and C were given 15 mL of an oral suspension containing 2x10^10^ colony forming units of *E*. *coli* F4+O149 from an overnight culture grown in Luria-Bertani broth (BD Bioscience). This was repeated on day 2 (the day after weaning).

The animals were inspected daily for signs of diarrhoea and general well-being. Faecal samples were collected on day 1, 3, 5, 7, 9 and 11 post infection. Four randomly selected weaners from each pen were killed at day 11 and the remaining half were killed at day 12 and inspected. Animals were sacrificed by an overdose of pentobarbital and jugular bleeding. The contents of the ileum were taken and stored at -20°C until further analysis.

All animal procedures were approved by the Danish Animal Experiments Inspectorate under the Ministry of Justice (permit number: 2014-15-2934-01048) and animal experiments were conducted in strict accordance with their guidelines. Animals were acquired from a commercial farm near Roskilde, Denmark.

Quantitative PCR for *E coli* F4 gene {#sec009}
-------------------------------------

To follow shedding of the *E*. *coli* F4+O149 infection throughout the experiment, a qPCR specific for the F4 gene was performed on faecal samples as described by Ståhl et. al.\[[@pone.0147373.ref021]\].

Next generation 16S rDNA sequencing {#sec010}
-----------------------------------

DNA was purified from the ileum samples and the V1-V2 regions of 16S rRNA gene was amplified by PCR and sequenced as described by Strube et al. \[[@pone.0147373.ref022]\]. Briefly, the 16S rRNA gene amplicons were submitted to the DTU Multi-Assay Core (<https://dmac.cbs.dtu.dk/>) and sequenced on the MiSeq platform (Illumina Inc. San Diego, USA). The resulting sequences were then merged, quality filtered and mapped against the RDP-II SSU database \[[@pone.0147373.ref023]\] using the BION-meta software (Danish Genome Institute, Aarhus, Denmark). The resulting read counts were then analysed on the family level. Data were uploaded to Genbank database: <http://www.ncbi.nlm.nih.gov/sra/SRP066524>.

Statistics {#sec011}
----------

qPCR data was fitted for each group with an equation of the form:

$E.~coli = 100*Time*~e^{\frac{- Onset}{Time}}*e^{- Time*e^{\frac{- Clearence}{Time}}}$, which describes the shedding as a function of time by the onset rate and the clearance rate. These constants were generated by nonlinear regression through the gauss-newton algorithm, and as the estimates of the constants are normally distributed, they could be compared by a t-test.

Sequencing data was analysed by one-way ANOVA followed by Tukeys post-hoc test on log transformed data. Diversity was calculated as the Shannon-index. Multivariate analysis was carried out by non-metric multidimensional scaling (NMDS) with Bray-Curtis distances. The statistical software R v.3.1.0 (Vienna, Austria; <http://www.R-project.org/>.) was used for the above statistics evaluations.

Two-way ANOVA with Bonferroni post-hoc test was performed for statistical analysis of the ELISA assays by means of GraphPad Prism version 5.00 for Windows, GraphPad Software, San Diego California USA, [www.graphpad.com](http://www.graphpad.com).

Results {#sec012}
=======

Characterisation of the Immunoglobulin product {#sec013}
----------------------------------------------

By SDS PAGE and Western blotting analysis the ppIgG was estimated to consist of approximately 85% pure immunoglobulin ([Fig 1A](#pone.0147373.g001){ref-type="fig"}). These impurities are mainly albumin and transferrin.

![Characterisation of ppIgG.\
**(A)** Pig plasma IgG product (ppIgG, 1 mg/ml) was run under reducing conditions on 12% SDS PAGE as described in Materials and Methods. In parallel, Western blotting (WB) was performed on the same sample. The blot was developed with biotinylated rabbit anti-pig IgG F(ab)~2~ antibody, followed by alkaline phosphatase-coupled streptavidin (see [Materials and Methods](#sec002){ref-type="sec"}). **(B)** Wells were coated with formalin-fixed bacteria (Y. ruckeri, S. diarizonae, *E. coli* O138, O149:F4 and F18+) in separate ELISA plates, and incubated with ppIgG added in serial 2-fold dilutions, and the bound IgG was estimated by using a HRP-conjugated rabbit anti-pig IgG antibody. Data from one typical experiment are presented. **(C)** ppIgG was tested for reactivity against *Escherichia coli* and *Salmonella diarizonae* by competitive ELISA as described ([Materials and Methods](#sec002){ref-type="sec"}). ppIgG heated at 60°C or 70°C for 1 hour and PBS were used as control samples. The results are presented as '% inhibition' of the signal obtained in the absence of ppIgG (median values (± median ranges)). Two-way ANOVA (subjected to Bonferonni post-test) was used to observe statistical significance between the treated and untreated ppIgG (\*\*\*: p\<0.01; \*\*: p\<0.01).](pone.0147373.g001){#pone.0147373.g001}

Antibody binding to bacteria {#sec014}
----------------------------

An indirect whole-cell ELISA was set up to assess the binding of ppIgG to relevant bacteria. We found that ppIgG bound to the bacterial surface of the three tested *E*. *coli* strains as well as *S*. *diarizonae*, however showed negligible binding to the fish pathogen *Y*. *ruckeri* ([Fig 1B](#pone.0147373.g001){ref-type="fig"}). The avidity of ppIgG binding to *E*. *coli* ppIgG was tested by incubating an *E*. *coli* extract with ppIgG at 6 mg/ml and then subjecting it to increasing concentrations of urea for up to 30 minutes. Strong denaturing conditions (6 M urea, 30 minutes) significantly reduced the binding but never more than 35% ([S1 Fig](#pone.0147373.s001){ref-type="supplementary-material"}). Comparing the binding of IgG from either plasma or the purified IgG in the subsequent eluate to bacterial surface of *E*. *coli* revealed that the purification increased anti-*E*. *coli* titres with a factor 10 ([S2 Fig](#pone.0147373.s002){ref-type="supplementary-material"}).

A competitive ELISA was used to evaluate the binding activity toward bacteria of the ppIgG as scored by its ability to out-compete a detection antibody having specificity for the bacterium in question, using ELISA plates coated with bacterial extract of either *E*. *coli* or *S*. *diarizonae*. Half-maximal inhibition was obtained with 2.4 mg/ml and 3.4 mg/ml of ppIgG on *E*. *coli* and *S*. *diarizonae* extracts, respectively ([Fig 1C](#pone.0147373.g001){ref-type="fig"}). At least 1 mg/ml of ppIgG had to be applied in the competitive ELISA assay to obtain inhibition greater than 20%.

Denaturation of ppIgG by heating to 70°C for 1 hour strongly decreased the binding (to 27% of the binding of native ppIgG; 5 mg/ml ppIgG on *E*. *coli* extract, [Fig 1C](#pone.0147373.g001){ref-type="fig"}) highlighting that the binding was dependent on the specific binding activity of ppIgG.

Finally, we investigated the impact of storage on the binding activity of ppIgG. After 65 days of storage, ppIgG showed a significant decrease in binding activity, irrespectively of storage conditions, however when kept at -20°C more than 80% of the native binding activity of ppIgG was retained after 30 days of storage ([S1 Table](#pone.0147373.s005){ref-type="supplementary-material"} and [S3 Fig](#pone.0147373.s003){ref-type="supplementary-material"}).

Inhibition of bacterial adhesion {#sec015}
--------------------------------

To investigate if natural pig plasma immunoglobulins could interfere with bacterial adhesion to intestinal epithelium an *in vitro* adhesion-inhibition assay was employed using fluorescently labelled bacteria and a neonatal porcine jejunum derived cell line (IPEC-J2) as a model of the intestinal epithelium. Pre-incubation of fluorescently stained bacteria with ppIgG for 1 hour before adding the bacteria to the IPEC-J2 cells, significantly decreased adhesion of both *E*. *coli* and *S*. *diarizonae* to IPEC-J2 cells. This was observed at 1 mg/ml or more of ppIgG; at 100 mg/ml IgG fluorescence was at background level indicating complete inhibition of adhesion ([Fig 2](#pone.0147373.g002){ref-type="fig"}). This indicates that high concentrations of natural pig immunoglobulins interfere with adhesion of both *E coli* and *S*. *diarizonae* to intestinal epithelial cells.

![Inhibition of bacterial adhesion to intestinal epithelial cells.\
Bacteria (*S*. *diarizonae*, *E*. *coli* O138, F4+ or F18+) fluorescently stained as explained in Materials and Methods, and treated with ppIgG in different concentrations (from 100 mg/ml to 0.2 mg/ml) were incubated with IPEC-J2 cells. Binding of bacteria to IPEC-J2 is depicted in relation to non-inhibited bacteria (no ppIgG, set to 100%). One typical experiment is shown.](pone.0147373.g002){#pone.0147373.g002}

*In vivo* study {#sec016}
---------------

Piglets were infected experimentally with *E*. *coli O149*:*F4* with (group C) and without (group B) ppIgG supplementation in the feed. A non-infected non-ppIgG-feed group (group A) served as a negative control for infection. The feed was generally well tolerated by the piglets; however on average the animals did not gain weight during the course of the study, irrespectively of experimental group (see [Table 1](#pone.0147373.t001){ref-type="table"}) most probably due to a discernible reluctance of the weaners of all groups to feed for the first days after arrival. The infection did not cause clinical disease, however shedding of the *E*. *coli* inoculation strain was 10^5^ and 10^4^ times higher at day 3 and day 5 after infection, respectively, in the two infected groups compared to the control group ([Fig 3A](#pone.0147373.g003){ref-type="fig"}), indicating intestinal colonization by the challenge bacterium. The mathematical model describing the shedding pattern shows that the infection was cleared significantly faster in group C (infection + ppIgG) compared to group B (infection only)(p = 0.0007), even if onset of infection was faster in group C than in group B (p = 0.0017). The effect of ppIgG on the intestinal microbial colonisation was further investigated by deep sequencing of the ileal microbiota ([Fig 3B](#pone.0147373.g003){ref-type="fig"}). This showed a significantly lowered (p\<0.001) colonisation of the family *Enterobacteriaceae* in the ileum as compared to both the non-infected control (group A) and the infected control group (group B, [Fig 3B](#pone.0147373.g003){ref-type="fig"}). Collectively the data presented in [Fig 3](#pone.0147373.g003){ref-type="fig"} suggest that ppIgG inhibits adhesion of bacteria from the family *Enterobacteriaceae*, including *E*. *coli*. Conversely, the families *Enterococcoceae* and *Streptococcaceae* were significantly (p\<0.01) increased in the ppIgG group compared to both other groups, and compared to the uninfected group only, respectively ([Fig 4](#pone.0147373.g004){ref-type="fig"}). *Lactobacillus*, *Bifidobacterium* and other bacterial families generally viewed as health promoting did not differ significantly between groups ([Fig 4](#pone.0147373.g004){ref-type="fig"}). Furthermore, the diversity (Shannon Index) was significantly (p\<0.05) higher in the 'Infected + ppIgG' group than in the infected (no ppIgG) control group ([S4A Fig](#pone.0147373.s004){ref-type="supplementary-material"}) and in a multivariate analysis by NMDS, there was limited separation between groups, mainly by the 'Infected + ppIgG' group being slightly separated from the control groups on the first axis ([S4B Fig](#pone.0147373.s004){ref-type="supplementary-material"}).

![The impact of natural immunoglobulins on enteral *Enterobacteriaceae*.\
**(A)** Shedding of *E*. *coli* F4+ in an *in vivo* infection model. Animals were infected orally at the day of weaning as well as the day after weaning with *E*. *coli* F4+ (see [Materials and Methods](#sec002){ref-type="sec"}), after which faecal shedding was followed with a F4 specific qPCR. Data were log-transformed before analysis by the non-linear equation, see [Materials and Methods](#sec002){ref-type="sec"} for further details. **(B)** Ileal content of family *Enterobacteriaceae*. Bacteria were enumerated by NGS sequencing of the 16S rDNA gene in ileal samples obtained at necropsy by the end of the experiment. Values are normalized (per 100,000 reads) and log-transformed read counts. Overall ANOVA p-value \< 0.001, different letters denote significantly different values.](pone.0147373.g003){#pone.0147373.g003}

![The relative composition of the ileal microbiota on a family level.\
Bacteria were enumerated by NGS sequencing of the 16S rDNA gene in ileal samples obtained at necropsy by the end of the experiment.](pone.0147373.g004){#pone.0147373.g004}

Discussion {#sec017}
==========

The purified pig IgG product (ppIgG) can be assumed to represent a population of natural antibodies having broad specificities against a vast number of pathogens and epitopes, comparable with Intravenous immunoglobulin (IVIg) preparations widely used for human applications \[[@pone.0147373.ref001]\]. We hypothesise that such purified immunoglobulin preparations may contain reactivity against a wide selection of pathogens infecting through the enteric route as the ppIgG originates from slaughter swine presumably harbouring a multitude of different anti-pathogenic immunoglobulins reflecting the exposure to many different infectious agents throughout the pig's life, including diarrhoeagenic *E*. *coli*. Hence, providing these immunoglobulins orally is presumed to inhibit adhesion of bacterial pathogens to the intestinal (epithelial) cell wall by immunoglobulins binding to these bacteria. The ppIgG investigated here contained approximately 85% pure IgG. Our *in vitro* results suggest that substantial amounts of ppIgG need to be supplemented in the diet as at least 6 milligrams of ppIgG were needed to inhibit bacterial adhesion to intestinal epithelial cells. This probably reflects the fact that only a minor part of the natural plasma immunoglobulin pool contains binding activities directed against the specific bacterial species (*E*. *coli* and *S*. *enterica*) investigated here. It was demonstrated that ppIgG does have a preference for binding relevant bacteria such as *E*. *coli* and *Salmonella enterica* having negligible binding to *Y*. *ruckeri*, a fish pathogen with no relevance for pigs. The ppIgG investigated here bound three different *E*. *coli* isolates and one *S*. *enterica* isolate equally well. Also, the anti-bacterial IgG of ppIgG was found to bind strongly to bacterial epitopes as the binding strength (avidity) of ppIgG towards *E*. *coli* was equal to or greater than seen in other studies using urea to interfere with the antibody-antigen binding \[[@pone.0147373.ref024]--[@pone.0147373.ref028]\]. Thus natural immunoglobulins purified directly from pig plasma (ppIgG) bind strongly to potentially diarrhoeagenic bacteria and inhibit bacterial adhesion to intestinal cells suggesting the use of ppIgG as an antibiotics alternative for prevention and treatment of enteric infections.

The present study establishes the potential of ppIgG purified directly from slaughterhouse blood waste as an antibiotics alternative when used as a feed additive. This supplements earlier studies on the effects of orally provided spray-dried plasma on growth and intestinal infections in both swine and chicken and further underlines the importance of immunoglobulins for the effect of SDPP \[[@pone.0147373.ref015], [@pone.0147373.ref029]--[@pone.0147373.ref032]\]. Furthermore the usage of isolated immunoglobulins from plasma in preventing/treating enteric infections is supported by Pierce *et al* who found that the plasma proteins with high molecular weight (primarily IgG) reduced ETEC infections in weaner piglets \[[@pone.0147373.ref016]\].

We observed no evidence of any adverse effects in weaner piglets feed with a ppIgG supplement for 14 days in two previous experiments (manuscript in preparation). The 14 day experimental period may be too short to allow potential adverse side effects to manifest; thus, future studies will include observation of any adverse reaction in the pigs until slaughter. Also, in contrast to spray-dried porcine plasma (SDPP) \[[@pone.0147373.ref033], [@pone.0147373.ref034]\] the ppIgG product studied here is not heat treated and, although probably not a problem in IgG purified by EBA chromatography the absence of infectious viral agents will have to be demonstrated (work in progress).

The purified plasma IgG was tested in weaning piglets orally inoculated with an ETEC F4+ isolate. It was found that the faecal clearance of F4+ *E*. *coli* was significantly faster in ppIgG-fed piglets than in the infected control group not being fed ppIgG. Furthermore, deep sequencing of part of the 16S rRNA genes obtained from the total ileal microbiota revealed that the proportion of family *Enterobacteriaceae* was significantly lower in the group of weaners receiving the ppIgG product than in the infected control group not receiving ppIgG and the non-infected control group. Importantly, the *Enterobacteriaceae* family comprises *E*. *coli*. Conversely, the ileal colonization with both *Enterococcoceae* and *Streptococcaceae* was significantly higher in the pigs receiving ppIgG compared to the two control groups. The biological significance of this is uncertain. Enteroccoccus has been shown to be associated with piglet neo-natal diarrhoea, however this appears to require co-colonization with *E*. *coli* \[[@pone.0147373.ref035]\], which is not the case in the present study. The Shannon-index, a measure of diversity, of the ppIgG-treated animals was higher, suggesting a more diverse microbial community which is generally linked to a healthier and more disease resilient microbiota \[[@pone.0147373.ref036]\]. Overall, the decreased proportion of *Enterobactericeae* as well as the increased diversity, suggest a direct positive effect on the ileal microbiome by ppIgG and in the context of antibiotic alternatives for ETEC treatment, the ppIgG product characterised in this study shows potential for reducing colonization by ETEC.

Conclusively, our data support that natural IgG directly purified from pig plasma and given as a feed supplement can be used in modern swine production both for reducing the occurrence of PWD and for decreasing antibiotic usage. It is envisaged that the ppIgG product may be used in a targeted way e.g. by providing it with the feed for five days pre-weaning and for ten days post weaning. An alternative strategy could be to provide it to the sow before farrowing and pre-weaning to create a beneficial microbiological environment. Together with the low manufacturing price, achieved by the purification of immunoglobulins by a high-volume and efficient chromatographic process directly from inexpensive and renewable sources this makes the ppIgG product relevant as an alternative to antibiotics for the control of PWD and potentially also for other infectious disease in the modern pig production even if these diseases may be multifactorial or have unknown infectious causes.

Supporting Information {#sec018}
======================

###### Wells were coated with deoxycholate extract of *E*. *coli O138* in 2-fold serial dilutions and incubated with 6 mg/ml ppIgG.

After incubation, PBS-T with 2M, 4M or 6M urea or without urea was added to designated wells and were allowed to incubate for 10, 20 or 30 minutes as indicated before the urea-solution was washed away. Data is presented as median ± ranges. Two-way ANOVA (subjected to Bonferroni post-test) was used to observe statistical significance between treated and untreated samples, designated as ^a^ (p\<0.05); ^b^ (p\<0.01); ^c^ (p\<0.001).

(TIF)

###### 

Click here for additional data file.

###### Wells were coated with formalin-fixed *E*. *coli O138*, and incubated with porcine plasma or ppIgG (purified from the same plasma) added in serial 2-fold dilutions, and the bound IgG was estimated by using a HRP-conjugated goat anti-pig IgG antibody Data from one typical experiment are presented.

(TIF)

###### 

Click here for additional data file.

###### Aliquots of ppIgG were placed either at room-temperature (RT), refrigerated (4°C) or in freezer (-20°C).

At day 35, 65, 90 and 120 after storage one aliquot was taken from each storage place and analysed for its ability to displace the signal in a competitive ELISA (see [Materials and Methods](#sec002){ref-type="sec"}) in which the antigens were either from *E*. *coli O138* or *S*. *diarizonae*. Data is presented as median± ranges. Statistical significance in comparison with initial antibody activity was based on two-way ANOVA (subjected to Bonferroni post-test); \*\*p\<0.01; \*\*\* p\< 0.001.

(TIF)

###### 

Click here for additional data file.

###### 

**(A).** Ileal Shannon-index. Bacteria were enumerated by NGS sequencing of the 16S rDNA gene in ileal samples obtained at necropsy by the end of the experiment. Overall ANOVA p-value \< 0.001, different letters denote significantly different values. **(B)** Unconstrained multidimensional scaling of the ileal microbiota on a family level, calculated for k = 2 using Bray-curtis distances. Bacteria were enumerated by NGS sequencing of the 16S rDNA gene in ileal samples obtained at necropsy by the end of the experiment.

(TIF)

###### 

Click here for additional data file.

###### Effect of storage on immunoglobulin bacterial binding.

(DOCX)

###### 

Click here for additional data file.
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